Bacterium usually utilises type III secretion systems (T3SS) to deliver effectors directly into host cells with the aids of chaperones. Hence, it is very important to identify bacterial T3SS effectors and chaperones for better understanding of host-pathogen interactions. Edwardsiella piscicida is an invasive enteric bacterium, which infects a wide range of hosts from fish to human. Given E. piscicida encodes a functional T3SS to promote infection, very few T3SS effectors and chaperones have been identified in this bacterium so far. Here, we reported that EseK is a new T3SS effector protein translocated by E. piscicida. Bioinformatic analysis indicated that escH and escS
| INTRODUCTION
Gram-negative bacterial pathogens usually utilise type III secretion systems (T3SS) to deliver effectors directly into the host cell cytoplasm and modulate host cellular functions (Du & Galan, 2009) . Hence, it is very important to identify and characterise bacterial T3SS effectors to understand host-pathogen interactions. Transport of some effectors through T3SS injectisome is facilitated by the formation of a complex between the effector and a chaperone (Miki, Shibagaki, Danbara, & Okada, 2009) . Previous work has shown that the translocation and secretion of many T3SS effectors rely heavily on the activity of specific T3SS chaperone (T3SC) proteins (Akeda et al., 2011; Ghosh, 2004) .
T3SC proteins play multiple roles in the process by which effectors are translocated into host cells. Because the presence of a chaperone is essential for effector stability, secretion and translocation, assembly, and disassembly of chaperone-effector complexes are usually tightly regulated (Button & Galán, 2011) . For example, T3SC Btc22 (Kurushima, Kuwae, & Abe, 2012 ) is required for Bsp22 secretion into culture supernatants and Bsp22 stability in the bacterial cytosol; the absence of SicA (Tucker & Galán, 2000) results in the degradation of both SipB and SipC; and the translocation of VopC (Akeda et al., 2011 ) is dependent on its cognate chaperone, VocC.
T3SCs do not necessarily share primary amino acid homology, but they all have similar physical characteristics, including low molecular weight (<15 kDa), an acidic isoelectric point (pI < 6), and a predicted amphipathic helix at the carboxyl terminus (ShcO1, ShcS1, and SrcA) (Cooper et al., 2010; Guo et al., 2005) . Three classes of T3SC have been identified on the basis of their cognate binding partners (Locher et al., 2005; Page & Parsot, 2002; Thomas et al., 2005) . Class I T3SCs can bind T3SS effectors directly. Class II T3SCs (SycB [Walker & Miller, 2004] , Scc2, and Scc3 [Fields, Fischer, Mead, & Hackstadt, 2005] ), can bind independently or together to two different translocators, are proposed to form pores in host cell membranes, and, in many cases, they are required for translocon protein secretion. Class III T3SCs (CdsE and CdsG; Betts, Twiggs, Sal, Wyrick, & Fields, 2008) bind needle and filament proteins, and they are thought to prevent premature association or polymerisation of monomeric needle and filament proteins within the bacterial cytoplasm. Class I T3SCs have two subclasses: IA and IB. Class IA T3SCs, such as SicP (Button & Galán, 2011) , SycE (Rodgers, Gamez, Riek, & Ghosh, 2008) , and CesT (Thomas et al., 2005) , bind a single effector and are often encoded by a gene adjacent to an effector gene (Locher et al., 2005) .Whereas class IB T3SCs, such as Spa15 (van Eerde, Hamiaux, Perez, Parsot, & Dijkstra, 2004) and Mcsc (Spaeth, Chen, & Valdivia, 2009) , bind multiple effectors and are often encoded in an operon that carries genes encoding components of T3SS secretion apparatus (Locher et al., 2005; Shen et al., 2015) .
Edwardsiella piscicida (E. piscicida), previously named
Edwardsiellatarda (Yousuf et al., 2006) , is a Gram-negative invasive enteric bacterium in the same family such as pathogenic Escherichia coli and Shigella and Salmonella species, causing fetal diseases in both freshwater and marine fish (Leung, Siame, Tenkink, Noort, & Mok, 2012 ). E. piscicida was reported to possess a functional T3SS, which is the most important factor for bacterial virulence (Du, Tang, Sheng, Xing, & Zhan, 2017; Park, Aoki, & Jung, 2012; Xie et al., 2010) . To date, only three T3SS effectors have been identified in E. piscicida. EseG triggers microtubule destabilisation upon infection of 293 cells (Xie et al., 2010) ; EseJ reduces bacterial adhesion to fish epithelial cells and facilitates intracellular replication in bacteria (Xie et al., 2015) ;
and EseH promotes pathogen colonisation and virulence by targeting host MAPK signalling pathways (Hou et al., 2017) . Previous research has identified three T3SCs in E. piscicida. EscC (Zheng et al., 2007) was shown to function as a class II T3SC for the putative translocon components EseB and EseD; EscA (Wang et al., 2009 ) is required for translocon component EseC accumulation and secretion; and EscB (Xie et al., 2010 ) is a class IA T3SC involved in the stabilisation and secretion of EseG.
In this work, we reported a new T3SS-dependent effector protein, EseK in E piscicida, which has a functional N-terminal secretion signal.
This effector was injected into host cells in a T3SS-dependent manner and was specifically associated with the cell membrane fractions.
Further, a bioinformatic analysis suggests that escH and escS, adjacent to eseK, may encode two class I T3SCs. 2 | RESULTS
| Esek is a new T3SS effector of Edwardsiella piscicida
In our previous work, EseK was found to be translocated into host cells by wild-type E. piscicida ( Figure S1a ). Here, to evaluate whether EseK is new T3SS effector in E. piscicida, we first compared its secretion in a wild-type strain, T3SS mutant (Fang et al., 2016; Hou et al., 2017) and T6SS mutant . EIB202, ΔT3SS, and ΔT6SS
expressing EseK-HA were cultured and showed similar growth curves ( Figure S1b ). Equal amounts of supernatants and bacterial pellets from the wild-type or mutants were probed with anti-HA and anti-RNAP.
EseK-HA was expressed at comparable levels in EIB202, ΔT3SS, and ΔT6SS cells and was significantly secreted into the supernatants of EIB202 and ΔT6SS but was substantially decreased in the supernatants of ΔT3SS. RNAP was not detected in any supernatants, suggesting that EseK was not detected in supernatants because of leakage from the bacterial pellets ( Figure 1a Besides, by analysing the presence of EseK in different cell fractions, EseK was found to be largely associated with the cell membrane fraction ( Figure 1f ). Taken together, these data demonstrated that EseK was secreted into bacterial supernatants and translocated into host cells in a T3SS-dependent manner, which suggested that EseK is a new T3SS effector of E. piscicida.
| EscH and EscS enhance the secretion and translocation of EseK
Secretion and translocation of many T3SS effectors require the activity of class I chaperones that are often encoded in close proximity to their passenger effector protein (Page & Parsot, 2002) . Here, we examined genes neighbouring eseK and found that escH and escS are located directly upstream of eseK ( -HA in supernatants and bacterial pellets were determined by western blotting. (c) Translocation of EseK into HeLa cells was assayed by fluorescence resonance energy transfer. HeLa cells were infected with EIB202, ΔT3SS, or ΔT6SS expressing EseK-TEM. Translocation of EseK-TEM into host cells caused the cleavage of the CCF2-AM product, resulting in the emission of a blue fluorescence signal. Scale bar, 50 μm. For quantification, 100 cells per condition and experiment were counted. Bars represent mean ± SEM of three independent views (***p < .001). (d) and (e) Translocation of EseK into HeLa cells was assayed by western blotting. (d) HeLa cells were infected with EIB202, ΔT3SS, or ΔT6SS expressing EseK-TEM, and (e) HeLa cells were infected with EIB202 expressing EseK-HA in the presence or absence of cytochalasin D (cD). After infection, the cells were lysed, and the pellets and supernatants were fractioned by centrifugation. EseK-HA was detected in the fractions using western blotting. (f) HeLa cells were infected with EIB202 expressing EseK-HA and were subjected to subcellular fractionation by differential centrifugation. Fractions were analysed by western blot using anti-β-tubulin and anti-calnexin antidodies. Anti-RNAP (RNA pol α antibody, a bacterial cytosolic marker) and anti-β-actin used as loading controls in this study. All results are representative of three independent experiments (***p < .001) 
| EscH interacts with the T3SS effector EseK directly
It has been reported that T3SS-associated chaperones often bind to their corresponding T3SS effector with high affinity (Akeda et al., 2011) . To evaluate whether EscH directly interacts with the T3SS effector EseK, an MBP pull-down assay was used to assess the relationship between EseK and EscH. Purified His sumo-EseK-His was mixed with purified MBP-EscH and incubated with amylose MBP beads. Using MBP and His sumo as the negative controls, MBP-EscH was shown to directly bind to His sumo-EseK-His, whereas MBP or His sumo alone showed no binding to His sumo-EseK-His or MBPEscH (Figure 3a) . These data suggested that EscH could form a complex with EseK. Next, we examined the intermolecular associations between EseK and EscH, specifically investigating the effector-CHD FIGURE 2 EscH and EscS are required for EesK secretion and translocation. (a) EscH and EscS promote EseK secretion into culture supernatant. EIB202, ΔescH, ΔescS, ΔescHΔescS, ΔescH/pescH, ΔescS/pescS, ΔescS/pgfp, and ΔescHΔescS/pescH&escS, expressing EseK-HA were cultured, and the presence of EseK-HA in supernatants and bacterial pellets was determined by western blotting. RNAP: RNA pol α antibody, a bacterial cytosolic marker, as the loading control. (b) EscH and EscS enhance EseK translocation into HeLa cells. HeLa cells were infected with Edwardsiella piscicida EIB202, ΔescH, ΔescS, ΔescHΔescS, ΔescH/pescH, ΔescS/pescS, and ΔescHΔescS/pescH&escS expressing EseK-TEM. Intracellular EseK-TEM cleaved the substrate CCF2-AM to present blue fluorescence signals. Scale bar, 50 μm. For quantification of the blue cells and green cells, 100 cells were counted for each experiment. Bars represent mean ± SEM of three independent experiments (***p < .001). Results are representative of at least three independent experiments (***p < .001) for EscH based on secondary structure. On the basis of sequence analysis, EscH was divided into two parts: the N-terminal part, EscH Δ41-103 , containing α 1 -β 1 -β 2 and the C-terminal part, EscH 
| EscS binds the T3SS effector EseK directly
Subsequently, we investigated whether EscS is directly associated with the T3SS effector EseK by performing an MBP pull-down assay.
Obvious binding was detected between MBP-EscS and His sumo- showed the ability to interact with EseK, but MBP-EscS Δα1 failed to bind to EseK (Figure 4c ). These data indicated that EscS interacted with EseK directly and that the first α-helix in its N-terminus is critical for binding.
| EseK binds EscH and EscS to form a ternary complex
In the experiments described above, we demonstrated direct interaction of EseK with EscH and EscS, respectively (Figures 3a and 4a ). To explore the intermolecular associations between EseK, EscH, and
EscS, MBP pull-down assay was used to analyse the interaction between them. In the presence of MBP-EscS, His sumo-EseK-HA, and His sumo-EscH, both EseK and EscH were pulled down by EscS (Figure 5a ). While in the incubation of MBP-EscS and His sumo-EscH, no interaction was detected between EscH and EscS ( Figure 5a ). These data indicated that EseK might act as an adaptor protein to bind the two chaperones EscH and EscS and form a ternary complex.
Subsequently, we further examined the CBD in EseK, which plays an essential role in interacting with EscH and EscS. The amino-terminal β-motifs of some T3SS effectors have been reported to contain CBDs (Janjusevic, Quezada, Small, & Stebbins, 2013) . Here, protein structure prediction by PSIPRED revealed five α-helices and one β-sheet in the N-terminus (50-160 aa) of EseK (Fig. S4a) . However, the EseK derivative with the β-motif deleted maintained the ability to bind EseH and EseS (Fig. S4b) . (c) MBP pull-down assays using purified proteins MBP-EscH (full length), MBP-EscH Δ41-103 , MBP-EscH
Δ1-40
, and His sumo-EseK-His, incubated with MBP beads. Samples were analysed by western blotting with anti-MBP and anti-His antibodies. Input, equal amounts of purified proteins. Protein MBP and protein His sumo were used as negative controls. Data are representative of at least three independent experiments including turbot (Yang et al., 2015) , naive blue gourami (Yi et al., 2016) , and zebrafish (Wang et al., 2010) . Here, we examined whether E. piscicida T3SS effector EseK and its chaperones EscH and EscS contribute to bacterial colonisation in vivo. We compared the abilities of the wild-type strain and ΔT3SS, ΔeseK, ΔescH, ΔescS, or ΔescHΔescS to colonise zebrafish via a competitive index assay as described previously (Wang et al., 2010; Yi et al., 2016) . Compared to the wild-type strain, ΔT3SS showed a greatly impaired colonisation ability in zebrafish (Fig. S6A) , verifying the importance of T3SS in E. piscicida (Fig. S6B) .
Interestingly, the lack of the chaperone EscH showed a more profound effect on bacterial colonisation in vivo at 36 hpi than lack of EseK itself, suggesting a possibility that EscH might chaperone other substrates than EseK to facilitate bacterial early colonisation in zebrafish. Taken together, these data suggest that the T3SS (Ramu et al., 2013) to the cellular cytoplasm, where they modulate a variety host cells functions for the benefit of the pathogen (Adam et al., 2012) . T3SS is known as one of the most important virulence factors in E. piscicida; it facilitates the survival and replication of E. piscicida in host cells (Okuda et al., 2006; Srinivasa, Lim, & Leung, 2001; Tan, Zheng, Tung, Rosenshine, & Leung, 2005) . In this study, we identified a new E. piscicida T3SS effector, EseK, which is secreted into bacterial supernatants and translocated into host cells in a T3SS-dependent manner and is required for bacterial colonisation of zebrafish livers and kidneys. Sequence analysis revealed that although showing low similarity in primary protein sequences, EseK shares a certain homology in protein secondary structure to the Shigella OspI effector and also contains a conserved catalytic triad (C101, H178, and D193; Figure S1c ). Thus, it is interesting to explore how the membrane-associated T3SS effector EseK interacts with intracellular processes during bacterial infection.
T3SS-translocated effectors in many pathogens often have an associated chaperone that is not secreted (Thomas et al., 2005) . Unlike with one or two secretion subjects and resulting in each secreted effector having a dedicated chaperone (Fields et al., 2005) . Here, we
show that T3SS effector EseK has two class I chaperones that we Unlike many other class I T3SCs that share a common secondary structure fold that is characterised by an α-β-β-β-α-β-β-α topology (e.g.,YopE, SptP, CesT, SrcA, SicP, and SycE) (Birtalan, Phillips, & Ghosh, 2002; Brinkworth et al., 2011; Cooper et al., 2010) binding partners is a necessary step in elucidating the regulated T3SS process (Shen et al., 2015) . Despite the high degree of structural and functional conservation among chaperones, only a few chaperones have had their binding domains mapped to understand their interactions with their subjects. In this work, to evaluate possible domains in EscH and EscS that are responsible for effector binding, we evaluated predicted secondary structures and found that EscS has three α-helices, which is similar to SsaE (Miki et al., 2009) . We mapped EscS α-helices and found that its first α-helix is important to binding EseK.
However, no individual domain was identified to be the determinant structure in EscH for chaperone-effector interaction.
Studies of biochemical and co-crystal structures of chaperonevirulence complexes have revealed that the initial 15 to 20 amino acids of effectors are required for secretion and that an N-terminal CBD, a small 50-150 aa domain, binds the chaperones and targets the virulence factors to the T3SS (Janjusevic et al., 2013; Lilic et al., 2006) . Binding was shown to be mediated via a conserved β strand motif (β-motif) formed in the effector CBD, which interacts with the chaperone (Janjusevic et al., 2013) . In our work, to use the β-motif as a guide to find the CBD of EseK, we predicted the EseK secondary structure and found only one potential β-motif in its N-terminal 50-160 aa. However, deletion of the β-motif did not abolish effector-chaperone binding (Fig. S4B) . In addition to the β-motif, further biochemical analysis showed that EseK has five α-helices of 50-160 aa. We speculated that these α-helices could be important for the formation of the effector-chaperone complex. To explore this possibility, MBP pull-down assays were used to identify binding, and the results indicated that the third α-helix of EseK is a CBD for EscH and EscS.
Previous studies have shown that most T3SS effectors require only one chaperone, but, in some cases, T3SS effectors bind two chaperones. In Chlamydia pneumonia, CopN has two chaperones;
Scc1 and Scc4 function together as a T3SC complex that binds to an N-terminal region of CopN, and the Scc1/Scc4 chaperone promotes the efficient secretion of CopN (Silva-Herzog et al., 2011) . In Yersinia pestis, YopN, similar to CopN, has two chaperones. A SycN/YscB chaperone complex is required for stable expression of YopN, as well as for the efficient secretion and translocation of YopN (Day & Plano, 1998) .
CopN and YopN, together with their two chaperones, form a complex.
In this study, we found that T3SS effector EseK has a CBD located at its N-terminus, and EseK, together with its two chaperones EscH and EscS, forms a ternary complex, and that the formation of this ternary complex is dependent on effector-chaperone but not chaperonechaperone, binding. 
| Bacterial strains, media, and culture conditions
The bacterial strains and plasmids used in this study are described in Table S1 . EIB202 and its derived strains were grown in tryptic yeast broth (TYB) or DMEM. DH5α and BL21-CodonPlus (DE3) were cultured in Luria-Bertani broth.
| Construction of in-frame deletion mutants and plasmids
Protocols were used to construct the in-frame deletion mutants and plasmids as previously described (Wang et al., 2009 ).
| Antibodies
Anti-HA (R120921), anti-β-actin (M1210), anti-FLAG (M1403-2), and anti-GFP (M1008-5) were purchased from HuaAn Biotechnology as primary antibodies. Anti-His (AB102-02; TianGen Biotech), anti-MBP (A00190-100; JinSiRui Technology), and anti-RNA pol α (sc-101597; SantaCruzBio) were used as primary antibodies for immunoblotting.
Goat anti-mouse IgG (A0216) and goat anti-rabbit IgG (A0208) secondary antibodies were purchased from Beyotime Biotechnology. ) as a negative control, then sacrificed 36 and 48 hr after injection. CIs from (a) livers and (b) kidneys for individual fish are presented, and the mean ± SD is also shown. Student's t test was used to calculate p-values (*p < .05, **p < .01, ***p < .001). Data are representative of three independent experiments 4.5 | Secretion assays Edwardsiella piscicida strains were cultured overnight at 30°C in TYB medium. Overnight cultures were subcultured into DMEM and cultured without shaking at 30°C to an optical density at 600 nm (OD 600 ) of 0.8, then strains was induced by the addition of L-Arabinose and then continue to culture for 16 hr at 30°C. Bacterial cell pellets and culture supernatants were separated by centrifugation at 5,000 g for 10 min at 4°C. The supernatants were filtered through a 0.22-μm-pore filter. We added methanol and trichloromethane into supernatants and collected precipitates by centrifugation at 13,000 g for 5.5 min at 4°C. Precipitates were washed with methanol followed by centrifugation. The resulting precipitates and bacterial pellets were analysed using western blotting with anti-HA.
| Translocation assays
HeLa cells were used for the translocation assays, as described by Xie et al. (2010) with minor modifications. Cells were seeded in 6-well plates at 4 × 10 5 per well. E. piscicida were grown for 14 hr in TYB at 30°C with shaking and then diluted 1:100 into DMEM without shaking at 30°C until the optical density at 600 nm reached 1.0.
Harvested bacteria in fresh DMEM suspensions (with or witout cytochalasin D) were added to pretreatment HeLa cells at a multiplicity of infection of 200:1. Plates were then centrifuged at 600 g for 10 min at 30°C. Three hours after incubation at 35°C under 5% CO 2 , the cells were washed three times with phosphate-buffered saline (PBS), and the medium was replaced with prewarmed DMEM with 5% fetal bovine serum and 30 μg/ml gentamicin for another 5 hr. Monolayers were rinsed with PBS, and cells were recovered using a cell scraper.
Cells were washed by centrifugation and lysed by 1%PBS-Triton X100 with protease inhibitors on ice for 30 min. Then, samples were centrifuged, and then, the pellets (bacteria and unlysed cells) and the supernatants were immunoblotted with antibodies.
| Fluorescence resonance energy transfer
Fluorescence resonance energy transfer assays were finished exactly as described previously (Xie et al., 2010) . Briefly, HeLa cells were seeded into wells of a glass bottom 96-well plate at 2.5 × 10 4 per well.
E. piscicida were grown for 14 hr in TYB at 30°C with shaking and then diluted 1:100 into TYB without shaking at 30°C until the optical density at 600 nm reached 1.0. Harvested bacteria in fresh DMEM suspensions were added to pretreated HeLa cells at a multiplicity of infection of 100:1. Three hours later, cells were washed three times with DMEM and incubated with DMEM (35°C, 5% CO 2 ) for 4 hr, and cells were washed three times with DMEM again, then CCF2-AM (20 μl) and DMEM (100 μl) were added. Two hours after incubation (35°C, 5% CO 2 ), cells were viewed and photographed on a confocal microscope.
| Fractionation of infected HeLa cells
Infected HeLa cells were fractionated as described previously (Xie et al., 2010) . Briefly, cells were harvested and resuspended in homogenisation buffer (250 mM sucrose, 3 mM imidazole, 0.5 mM EDTA, pH 7.4). The cells were homogenised by mechanical lysis using a 1-ml syringe with a 22-gauge needle. The lysates were centrifuged, and the supernatants were transferred to a plastic tube and spun at 16,100 g for 60 min at 4°C. Then, the pellets (membrane fraction) and the supernatants (cytosolic fraction) were immunoblotted with antibodies.
| Proteins expression and purification
All expression constructs were transformed into E. coli BL21-CodonPlus (DE3). Expression was induced by the addition of l mM IPTG. MBP tag proteins were continued to culture at 37°C for 3 hr, and His tag proteins culture at 16°C for 16 hr. Bacteria were collected and lysed by high pressure homogeniser. His tag proteins were purified with Ni-Bestarose (AA0051, BestChrom), and MBP tag proteins were purified with Amylose (E8021V, New England Biolabs). Proteins concentration by the ultrafiltration device (UFC801008, Millipore) and stored in final buffer (150 mM NaCl, 25 mM Tris, 1 mM DTT, and protease inhibitor cocktail).
| Pull-down assays
Beads were washed (500 g, 3 min, 4°C) with ice-cold final buffer six times, and beads were resuspended in 500 μl ice-cold final buffer and then loaded with proteins with rotation at 4°C for 2 hr. MBP tag proteins beads were washed (500 g, 3 min, 4°C) five times in ice-cold final buffer and eluted with 20 mM maltose. His tag proteins beads were washed (500 g, 3 min, 4°C) six times in ice-cold final buffer containing 60 mM imidazole and elutedwith 400 mM imidazole. Proteins and eluted samples were analysed by sodium dodecyl sulfate polyacrylamide gel electrophoresis and immunoblotting with antibodies.
| Competitive index in zebrafish
The acquisition and cultivation of healthy zebrafish (Danio rerio) as described previously (Hou et al., 2017) . Healthy zebrafish were infected with E. piscicida as described previously (Xie et al., 2014) .
Mixed competitive infections in zebrafish were performed to determine the contribution of EseK and its chaperones to pathogenesis.
Bacteria inoculated from a fresh plate were grown for 24 hr at 30°C
with shaking in TYB and subcultured in TYB for 24 hr at 30°C with shaking. The bacteria were then washed three times in PBS, and the OD 600 was adjusted to 1.0. 
| Statistical analysis
Data were presented as the mean ± SD of triplicate sample per experimental condition unless noted otherwise. Representative results were shown in the figures. Statistical analyses were performed using unpaired two-tailed Student's t test. Significant statistically differences were indicated by asterisks: *p < .05; **p < .01; ***p < .001. The error bars represent the standard error of the mean.
